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Organic-inorganic	 halide	 perovskite	 solar	 cells	 have	 gained	 a	 lot	 of	 traction	 in	
recent	years	due	to	their	high	power	conversion	efficiencies	(PCE),	>20%,	tunable	
band	 gap	 and	 low	 fabrication	 costs.	 	 However,	 as	 the	 maximum	 theoretical	
efficiency	outlined	by	the	Shockley-Quiesser	model	for	a	single-junction	perovskite	
solar	 cell	 is	 close	 to	 being	 reached,	 researchers	 have	 begun	 fabricating	 tandem	
solar	 cells	 to	 ensure	 the	 continued	 improvements	 in	 PCEs.	 	 Tandem	 solar	 cells	
require	the	stacking	of	two	solar	devices	such	as	c-Si	and	perovskite	solar	cells,	the	
PCEs	of	each	device	is	additive	thus	exceeding	the	theoretical	limit.			
Transferring	 from	a	 single	 junction	perovskite	device	 to	a	 tandem	device	 comes	
with	its	own	challenges.		The	sensitive	nature	of	the	perovskite	material	requires	
changes	to	be	made	in	the	fabrication	process	of	the	cell	to	ensure	that	all	layers	
are	 deposited	 using	 a	 low-energy	 process	 at	 low	 temperatures	 to	 prevent	 the	
degradation	 of	 the	 underlying	 layers.	 	 The	 changes	 in	 the	 fabrication	 processes	
must	 also	 not	 affect	 the	 electrical,	 optical	 and	morphological	 properties	 of	 the	
materials	which	in	turn	could	reduce	the	PCE	of	the	device.	
To	 date,	 indium-tin	 oxide	 (ITO)	 is	 the	 commercial	 standard	 for	 use	 as	 the	
transparent	conducting	oxide	(TCO)	in	perovskite	solar	cells.		Although	ITO	has	low	
sheet	 resistance	 values	 (8-100	 Ω/□)	 the	 material	 is	 deposited	 using	 sputtering	
methods	 and	 undergoes	 high	 temperature	 (>400⁰C)	 heat	 treatments.	 	 When	
incorporating	 this	material	 into	a	 tandem	solar	device	 such	a	high	 temperature	
process	 is	 not	 viable	 as	 it	 can	 affect	 the	 integrity	 of	 the	 device.	 	 As	 a	 result	 an	
alternative	material	of	similar	properties	is	required	to	replace	ITO	in	tandem	solar	
cells.	











its	 potential	 for	 incorporation	 into	 a	 tandem	 solar	 device.	 	 Low	 temperature	
deposition	of	TZO	resulted	in	significantly	higher	sheet	resistance	values	compared	
to	 values	 of	 the	material	 deposited	 at	 the	 optimum	 temperature.	 	 Although	 the	
material	maintained	 good	 optical	 properties	 the	 electrical	 properties	 could	 not	
compete	with	those	of	commercial	ITO.	
	The	hole	 transport	 layer	 (HTL)	 in	perovskite	 solar	cells	has,	 to	date,	 focused	on	
organic	 thin	 films,	however	due	to	 instabilities	and	parasitic	optical	absorptions	
there	has	been	a	drive	 for	an	 inorganic	alternative.	 	 In	 this	 thesis,	as	a	proof	of	
concept,	vanadium	oxide	is	investigated	as	a	possible	hole	transport	medium.	ALD	

















for	 low	 temperature	 deposition	 of	 thin	 films	 with	 excellent	 conformality	 and	
thickness	control	enabling	deposition	of	continuous	 thin	 films	even	at	high	aspect	
ratios.	 	 Atomic	 layer	 deposition	was	 first	 reported	 as	 “molecular	 layering”	 in	 the	




The	 technique	 was	 originally	 developed	 in	 order	 to	 meet	 the	 requirements	 of	














use	 of	 high	 aspect	 ratio	 structures	 to	 reduce	 the	 size	 of	 devices	 such	 as	
complementary	 metal-oxide-semiconductor	 (CMOS)	 integrated	 circuits	 (IC)	 and	









ALD	 in	 the	 fabrication	of	 the	batteries	have	 improved	 the	energy	efficiency	of	 the	

















based	 heterostructures	 stringent	 thermal	 budgets	 and	 non-destructive	 deposition	
techniques	are	vital	to	maintain	the	integrity	of	devices.		Atomic	layer	deposition	can	
deposit	a	wide	range	of	materials	at	low	temperature	to	ensure	minimal	damage	to	







alternating	 pulses	 of	 reactants	 separated	 by	 a	 gas	 purge	 where	 in	 principle	 one	
atomic	 layer	 is	deposited	after	each	pulse	cycle.	 	Gas	phase	reactants	 sequentially	
enter	the	chamber	and	chemisorb	onto	the	heated	substrates	surface.		Any	molecules	
physisorbed	 onto	 the	 surface	 are	 then	 removed	 using	 a	 gas	 purge	 to	 prevent	 the	
build-up	 of	 unwanted	 by-products	 and	 surplus	 precursor.	 	 As	 a	 consequence,	 the	
thickness	of	thin	films	grown	can	be	controlled	due	to	a	fixed	deposited	rate	per	cycle.		





Figure	1.2.1	outlines	 the	 four	steps	 for	ALD	growth	 for	a	binary	metal	oxide.	 	The	










with	 itself	 to	 form	 a	 chemisorbed	 surface	 species.	 	 The	 self-terminating	 feature	
ensures	that	once	all	available	reaction	sites	are	full	the	reaction	ceases.		A	purge	step	
of	 inert	 gas	 ensures	 any	 physisorbed	 surface	 species	 or	 any	 by-products	 are	
evacuated	from	the	chamber.		Reactant	B	is	then	pulsed	into	the	chamber	and	reacts	
with	the	chemisorbed	species	on	the	surface	to	form	the	desired	product.		As	the	cycle	

















each	 half-cycle.	 	 Although	 for	 ALD	 the	 growth	 rate	 is	 determined	 by	 self-limiting	









the	GPC	of	 a	material	 increases	with	decreasing	 size	of	 the	 reactant	molecule.	 	 In	
complex	 ALD	 systems	 the	 GPC	 is	 usually	 less	 than	 one	 monolayer	 of	 deposited	
material.	
Full	monolayer	coverage	is	not	always	achieved	due	to	steric	hindrance	caused	by	





see	 little	 steric	hindrance	effects	and	 thus	 the	GPC	 is	quite	high.	 	 	However,	 these	
ligands	 can	 leave	 carbon	and	hydrogen	 contamination	 in	 the	 films	due	 to	 the	 low	
decomposition	temperatures	of	the	precursors.			























The	 self-limiting	 regime	 operates	 via	 three	 different	 mechanisms;	 (i)	 Ligand	
exchange,	(ii)	Dissociation	and	(iii)	association.46,	47	
(i) Ligand	Exchange	






















An	 association	 mechanism	 proceeds	 by	 the	 reactant	 molecule	 reacting	 and	






Ligand	 exchange	 is	 widely	 thought	 to	 be	 the	 preferred	 reaction	 method	 as	 the	




per	 cycle	 of	 deposited	materials	 is	 often	 dependent	 on	 the	 growth	 temperatures	
used.50		The	temperature	range	in	which	ALD	meets	the	requirements	for	self-limiting	













reducing	 the	 growth	 rate.	 	 Conversely,	 low	 temperatures	 can	 cause	 the	 desorbed	

























implemented	 to	 deposit	 these	 materials.	 	 Plasma	 produces	 radicals	 that	 enable	
reactions	that	otherwise	would	not	go	to	completion	using	thermal	ALD.16			



















Transparent	 conducting	 oxides	 have	 been	 extensively	 researched	 for	 applications	
such	 as	 3D	 electronics	 and	 flat	 panel	 displays.	 	 Common	TCOs	 include	 indium-tin	
oxide	(ITO),	zinc	oxide	(ZnO)	and	gallium	nitride	(GaN).		Currently	ITO	is	the	most	




sol-gel67-69,	 sputtering70-72,	 chemical	 vapour	 deposition	 (CVD)73,	 74,	 pulsed	 laser	
12 
 
deposition	 (PLD)75-77,	metalorganic	 chemical	 vapour	 deposition	 (MOCVD)78-80	 and	
atomic	layer	deposition	(ALD).81			
For	this	thesis,	ZnO	has	been	studied	with	the	intention	of	replacing	ITO	in	perovskite	







it	 to	 be	 transparent	 across	 the	 entire	 visible	 spectrum.	 	 ZnO	 is	 also	 a	 conducting	







As	 a	 result,	wurtzite	 and	 zinc	 blende	 structures	 are	more	 commonly	 seen	 in	 ZnO	
materials.	 	Wurtzite	 and	 zinc	 blende	 are	 very	 similar	 in	 structure	 with	 the	main	






















made,	with	dimethylzinc,	 (Zn	(CH3)2)	and	diethylzinc,	 (Zn	(C2H5)2)	being	 the	most	
commonly	used.	
Other	 less	 reactive	 precursors	 include	 zinc	 propionate	 (Zn	 (C3H5O2)22)	 and	 zinc	




used	 to	 deposit	 ZnO	 by	 thermal	 ALD.	 	 Oxygen	 and	 water	 have	 also	 been	 used	
extensively	as	co-reactants	for	plasma-enhanced	ALD	(PEALD)	(see	section	1.6.2).89-






The	 two	most	 commonly	used	ALD	precursors	 for	 ZnO	are	diethylzinc	 (DEZ)	 and	
dimethylzinc	 (DMZ).	 	 The	 main	 difference	 between	 the	 precursors	 is	 their	
composition,	where	DEZ	is	made	up	of	Zn	atoms	bonded	to	ethyl	groups	whereas	Zn	
atoms	 are	 bonded	 to	 methyl	 groups	 in	 DMZ.	 	 It	 has	 been	 reported	 that	 both	
precursors	have	similar	deposition	temperature	ranges	and	in	some	cases	DMZ	has	
been	 reported	 to	 deposit	 at	 slightly	 lower	 temperatures	 at	 higher	 growth	 rates.		
Although	both	precursors	have	similar	properties	and	yield	 films	of	equal	quality,	
DEZ	has	been	reported	on	more	frequently	in	the	literature	than	DMZ	and	therefore	
is	 the	 more	 popular	 choice	 of	 Zn	 precursor.	 	 This	 has	 been	 attributed	 to	 the	
controllability	of	the	electrical	properties	of	the	ZnO	films	produced	by	DEZ/H2O.93,	
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which	 self-limiting	deposition	of	ZnO	occurs	 (ALD	window)	has	been	 reported	by	
various	authors	as	being,	105-165⁰C96,	100-180⁰C97,	130-180⁰C98,	99,	70-200⁰C100	and	
200-268⁰C.101,	 102	 Table	 1.1	 outlines	 the	 literature	 values	 for	 the	 ALD	windows	 of	













Si	(100)	 70-350	 -	 1.9	 [103]	
Glass	 120-350	 -	 0.5-2.5	 [64]	
Glass	 91-180	 105-165	 2.7	 [104,105
]	
Glass	 105-235	 105-165	 -	 [106]	
Sapphire	
(0001)	
100-250	 130-180	 2.7	 [107]	
Glass,	 Si	
(100)	
90-200	 100-180	 1.8-1.9	 [97]	
Glass	 140	 -	 2.5-2.7	 [108]	
Si	(100)	 60-300	 125-150	 1.94	 [109]	






60-250	 110-180	 1.8-1.9	 [111]	




100-300	 100-200	 -	 [112]	
PVP/Si	 80-140	 -	 2.0	 [113]	
Glass	 100-250	 -	 1.2	 [114]	
Si,	SiO2/Si	 150-400	 -	 0.5-2.0	 [115]	
Si	(100)	 25-200	 -	 -	 [116]	
Glass,	 Si	
(100)	
100-200	 120-170	 2.1	 [117]	
GaAs	 180	 -	 1.8	 [118]	
Si	(100)	 RT-140	 -	 0.8-2.2	 [102]	
Glass,	 Si	
(100)	
100-240	 -	 -	 [119]	
Si	(100)	 80-240	 100-160	 2.0	 [120]	
SiO2/Si,	
MgO	
70-190	 130-170	 2.3	 [121]	
Si	(111)	 200	 -	 -	 [122]	
Glass,	 c-Si	
(100)	
200-250	 -	 1.8	 [123]	
SiO2/Si	 40-210	 110-160	 1.7-2.5	 [124]	





150-300	 -	 0.9-1.9	 [126]	
Glass	 50-200	 -	 0.7-1.9	 [127]	
-	 150	 -	 1.8	 [128]	
Glass,	 Si,	
SiO2/Si	
170	 -	 2.1-2.2	 [129]	
17 
 
Si	(100)	 75-300	 -	 0.96-1.8	 [130]	
Si	(100)	 200	 -	 2.2	 [131]	











reporting	 temperature	 at	 25⁰C.	 	 This	 is	 due	 to	 the	 volatility	 of	 the	 Zn	 precursor.		
Although	this	is	outside	the	ALD	window	experiment	design	enabled	the	material	to	
maintain	 a	 constant	 growth	 rate	 between	 120-200⁰C	 and	 reducing	 slightly	 at	
temperatures	 below	 120⁰C.134	 It	 was	 also	 reported	 that	 changing	 the	 growth	





































sense.	 	 Instead,	 ALD	 grows	 the	 thin	 films	 by	 alternating	 pulses	 of	 DEZ/H2O	 and	
dopant/H2O	which	result	in	a	nanolaminate.	 	Figure	1.8.2	outlines	how	the	dopant	
concentration	 can	be	 varied	 in	 the	 films	using	 a	 super	 cycle	mechanism	using	Al-
doped	ZnO	as	an	example.		To	deposit	a	19:1	ratio	of	ZnO:Al2O3	19	cycles	of	DEZ/H2O	























thin	 films.	 	 Other	 methods	 have	 been	 reported	 in	 the	 literature.	 Lee	 et	 al	 use	








































Al3+	 atoms	 in	 the	 ZnO	 lattice	 is	 difficult	 to	 achieve	 in	 the	 resultant	 nanolaminate	
structure.		Instead,	lamellar	distribution	of	Al3+	atoms	occur	in	the	thin	film	structure.		









electric	 fields	caused	by	the	dopant	atoms	result	 in	Coulombic	 forces	between	the	





can	 occur	 at	 the	 interface.	 	 In	 this	 case	 stoichiometric	 Al2O3	 can	 form	 at	 the	
interface.145	Al2O3	can	act	as	scattering	centres	in	the	lattice	rather	than	added	to	the	












directly	 after	DEZ	 pulse	without	water	 exposure.	 	 They	 proved	 that	 changing	 the	










by	XPS	and	are	a	guideline	only.	 	 It	was	observed	 that	when	 the	Al	 concentration	
exceeded	2	atomic	%	the	carrier	concentration,	mobility	and	resistance	worsened	
significantly.		Early	stages	of	ALD	growth	of	AZO	films	begin	as	island	growth	on	the	





range	 from	0.13-0.125	 nm/cycle	 between	 200-325⁰C144,	 145,	 154,	 158with	 the	 growth	
rate	increasing	with	increasing	temperature.		In	this	case,	it	is	important	to	determine	
from	the	 literature	 the	optimum	temperature	at	which	 the	electrical	properties	of	
ZnO	are	at	their	best.	 	 In	this	case,	several	papers	determined	that	depositing	AZO	
films	using	a	19:1	ratio	 (~2	atomic	%)	at	200⁰C	gave	 the	 lowest	resistance	values	







energy	 phase	 parallel	 to	 the	 substrate	 (epitaxial	 growth).	 	 In	 some	 cases,	 the	
substrate	is	amorphous	and	thus	there	is	no	influence	on	the	crystal	orientation	from	
the	substrate.		As	a	result,	the	ZnO	will	grow	in	the	low	energy	planes,	(002),	(110)	





peak	 increases	 in	 intensity	 and	 becomes	 preferred	 over	 (100)	 peak	 once	 Al3+	 in	










AZO	 dominantly	 changes	 from	 a-axis	 (002)	 to	 c-axis	 (100)	 orientation	 with	
increasing	 temperature.105,	 167	 Where	 (100)	 is	 preferred	 at	 150⁰C	 and	 (002)	 is	
preferred	at	higher	temperatures	of	250⁰C.152,	163,	168,	169	









Ti	 is	 one	 of	 the	 more	 reactive	 transition	metals	 with	 oxygen	 and	 can	 grow	 TiO2	
effectively	using	H2O	or	O2	as	a	co-reactant	by	ALD.		TiO2	has	been	reported	in	the	
literature	 as	 being	 deposited	 using	 TiCl3168,	 170,	 titanium	 isopropoxide,	 Ti	 (OCH	
(CH3)2)4,	 (TTIP)	 171-174,	 and	 tetrakis	 (dimethylamido)	 titanium,	 Ti	 (N	 (CH3)2)4,	
(TDMAT)	175-177,	TiCl4178	with	H2O	or	O2.	 	As	seen	with	AZO	films,	dopant	elements	













mobility	 and	 carrier	 concentration	 of	 TZO	 films	 improve	 with	 increasing	 Ti	
concentration.		Lee et al181 also explain how Ti is incorporated into the films as a Ti4+ ion 
























as	co-reactants	by	 thermal	ALD.	 	The	small	 ligands	attached	to	 the	 titanium	metal	
could	assist	in	more	efficient	adsorption	to	the	substrate	increasing	the	growth	rate	
of	 TZO	while	 still	 gaining	 from	 the	 improvements	 in	 electrical	 properties	 of	 ZnO.		
TDMAT	has	been	shown	to	deposit	TiO2	at	0.041-0.054	nm/cycle	which	implies	that	





et	 al	 describe	 the	 deposition	 of	 Hf-doped	 ZnO	 (HZO)	 films	 using	 tetrakis	
(ethylmethylamido)	hafnium	(IV),	Hf	(N	(CH3)	(C2H5)4),	(TEMAH)	and	H2O	by	thermal	
ALD.		The	growth	per	cycle	of	HfO2	was	measured	to	be	0.1	nm/cycle	similar	to	values	












Hf	 increases	 amorphous	HfOx	 aggregates	 in	 the	 grain	 boundaries	 of	 the	 thin	 film	
resulting	 in	 an	 increase	 in	 carrier	 scattering	 causing	 a	 decrease	 in	 mobility	 and	
carrier	concentration.			
HZO	films	grow	preferentially	in	the	[100]	direction	at	low	Hf	concentrations.		As	the	







Vanadium	 oxide	 has	 been	 deposited	 by	 a	 range	 of	methods	 including	magnetron	
sputtering188-192,	 pulsed	 laser	 deposition193-196,	 electron-beam	 evaporation197-199,	
chemical	 vapour	 deposition	 (CVD)200-205,	 spray	 pyrolysis206-209and	 sol-gel	
techniques210-212.		For	this	work,	the	deposition	of	V2O5	by	ALD	was	studied.			
Vanadium	oxide	can	exist	 in	oxidation	states	 from	V2+	 to	V5+	as	VO,	V2O3,	VO2	and	
V2O5.	 	However,	mixed	valence	states	of	vanadium	oxide	also	exist	as	other	oxides	
such	 as	 range	 of	 oxides	 between	 VO2	 and	 V2O3	 which	 contain	 both	 V4+and	 V3+	
oxidation	states.	
The	 most	 commonly	 desired	 oxide	 is	 V2O5	 due	 to	 its	 ability	 to	 undergo	 a	









oxidation	 state	 of	 4+.	 	 However,	 high	 deposition	 temperatures	 were	 required	 to	
deposit	 the	 oxide	 in	 order	 to	 ensure	 that	 the	 non-reactive	 O2	 gas	 would	 react	
sufficiently	with	the	precursor.		As	a	result	this	process	was	closer	to	a	CVD	process.	
Ostreng	 et	 al214,	 215	 reported	 deposition	 of	 VOx	 using	 vanadyl	 tetratmethyl	























However,	 PE-ALD	 resulted	 in	 films	 contaminated	 with	 a	 higher	 concentration	 of	















An	 extensive	 study	 of	 vanadium	 oxide	 was	 carried	 out	 by	 Blanquart	 and	 his	 co-
workers	using	tetrakis	ethylmethyl	amino	vanadium	(TEMAV)	and	either	ozone	(O3)	
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The	 term	 “perovskite”	 was	 coined	 in	 1839	 named	 after	 a	 Russian	 mineralogist,	
Perovski,	when	Gustav	Rose	discovered	calcium	titanate	(CaTiO3).1,	2	Perovskites	are	
materials	 that	 exist	 with	 the	 molecular	 formula	 ABX3	 or	 have	 the	 same	 crystal	




(Br-,	 I-	 or	Cl-)	 (see	 figure	2.1).4	 It	was	 found	 that	 the	 lead-based	halide	perovskite	
exhibited	 the	 most	 attractive	 features	 with	 good	 optical	 absorption,	 electrical	
properties	including	high	electron	and	hole	mobility	and	low	surface	recombination.		






a	 DSSC	 sunlight	 could	 be	 converted	 into	 electrical	 energy.	 	 They	 reported	 power	
conversion	 efficiencies	 (PCEs)	 of	 roughly	 7%.8,	 9	 Inspired	 by	 the	 new	 method	 of	
48 
 
absorbing	 light,	 DSSC	 began	 incorporating	 perovskite	materials	 into	 their	 cells	 to	
improve	the	PCEs.			
The	 first	 photovoltaics	 fabricated	 using	 perovskite	 materials	 were	 reported	 by	
Miyasaka	et	al	who	replaced	the	dye	pigment	in	DSSC	with	organic-inorganic	hybrid	
perovskite	 halides,	 CH3NH3PbBr3	 resulting	 in	 power	 conversion	 efficiencies	 of	




Large	 advancements	were	made	 in	 2012	 by	 two	 separate	 research	 groups.	 	 Kim,	
Gratzel	and	Park	fabricated	a	solid-state	meso-structured	perovskite	solar	cell	using	
a	perovskite	absorber	as	the	main	photoactive	layer.		They	were	able	to	replace	the	





improved	 stability	 and	 charge	 transport	 than	 previously	 used	 CH3NH3PbI3.		
Extremely	thin	absorber	cells	were	also	created	by	coating	nanoporous-TiO2	with	a	
thin	perovskite	layer.		Open-circuit	voltages	of	the	cells	were	improved	by	replacing	
the	 nanoporous	 TiO2	with	 an	 insulating	Al3O3	 network.	 These	 alterations	 showed	
increased	PCEs	to	10.9%.10,	14		
Since	 then	perovskite	 solar	 cells	have	been	 fabricated	as	 two	different	 structures;	










Fabrication	of	perovskite	 solar	 cells	has	grown	 in	photovoltaic	 research	as	power	








	 𝐸 = ℎ𝑣 = 	
ℎ𝑐
𝜆 	 2.1	
A	 solar	 cell’s	 working	 mechanism	 is	 related	 to	 the	 photovoltaic	 effect.	 	 The	
photovoltaic	effect	occurs	when	a	voltage	or	an	electric	current	is	generated	when	a	
material	 is	 exposed	 to	 light.	 	 Electrons	 in	 a	 materials	 valence	 band	 can	 become	
energised	when	 exposed	 to	 electromagnetic	 radiation	 of	 greater	 energy	 than	 the	
band	gap	of	the	material.		The	electrons	are	then	promoted	from	the	valence	band	to	
the	conduction	band	(leaving	a	hole	behind	in	the	valence	band	where	the	electron	


















As	 soon	 as	 the	 electron-hole	 pair	 is	 generated,	 both	 carriers	 will	 soon	 want	 to	
recombine.	 	 If	 one	wants	 to	 collect	 the	 energy	 generated	 by	 the	 formation	 of	 the	
electron-hole	 pair	 measures	 must	 be	 in	 place	 to	 keep	 the	 electrons	 and	 holes	
separated.	 	 The	 design	 of	 a	 solar	 cell	 generally	 includes	 the	 placement	 of	 a	 semi-
permeable	membrane	or	material	on	either	side	of	the	absorber	(perovskite	absorber	















(Voc).	 	 This	 represents	 the	maximum	 voltage	 that	 is	 available	 from	 the	 cell.	 	 The	
current	 generated	 by	 the	 solar	 cell	 when	 the	 voltage	 across	 the	 device	 is	 zero	 is	
known	as	the	short-circuit	current,	(Isc).		As	the	Isc	is	the	maximum	current	that	can	







The	quantum	efficiency,	QE	 is	 the	ratio	of	 the	amount	of	electrons	 that	have	been	
transferred	 to	 the	 external	 load	 that	 were	 produced	 by	 incident	 light	 at	 a	 given	
wavelength.		Jsc	can	be	derived	from	equation	2.2	below,	
𝐽34 = 𝑞X 𝑏3(𝐸)	𝑄𝐸(𝐸)	𝑑𝐸	 2.2	
















	 𝐽*-56(𝑉) = 	 𝐽+(𝑒
78
6#9 − 1)	 2.3	
Where	Jo	is	a	constant,	kb	is	Boltzmann’s	constant	and	T	is	temperature	in	Kelvin.		The	
total	 IV	 response	 of	 the	 cell	 is	 then	 calculated	 as	 the	 sum	of	 the	photo	 generated	
current	(forward	direction)	and	the	dark	current	(reverse	direction)	(eqn.	2.4).		
	
𝐽 = 𝐽34 	− 	 𝐽*-56 	
2.4	
The	maximum	 voltage	 of	 the	 cell,	 open	 circuit	 voltage	 (Vo)	 is	 observed	when	 the	
































































recombine	with	 the	positive	holes	 in	 the	p-type	material.	 	The	electrons	 that	have	
migrated	across	have	now	left	behind	positively	charged	holes	in	their	stead.	 	As	a	
result,	the	excess	electrons	that	exist	in	the	acceptor	material	will	migrate	across	to	










excitation	 of	 electrons	 in	 the	 dye.	 	 The	 excited	 electrons	 then	 migrate	 to	 the	







photons	 and	 excites	 electrons	 in	 the	 material	 forming	 electron-hole	 pairs.	 	 The	
charges	are	 then	separated	allowing	 the	electrons	 to	be	extracted	via	 the	electron	
transport	material	 to	 the	 external	 load.	 The	 charge	 separation	 and	 extraction	 can	
occur	via	two	possible	reactions:	(a)	photo	generated	electrons	can	be	injected	into	





















→ 	ℎ=[𝐻𝑇𝐿] + 𝑒)[𝑝𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒]	 2.11	
	
2b	
𝑒)[𝑝𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒] → 	 𝑒4>) 	[𝐸𝑇𝐿]	
2.12	






(𝑒) −	ℎ=)[𝑝𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒] → ℎ𝑣	
2.13	
4	






𝑒4>) 	[𝐸𝑇𝐿] +	ℎ=[𝑝𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒] → 𝛻	
2.15	
6	
ℎ=	[𝐻𝑇𝐿] +	𝑒)[𝑝𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒] → 𝛻	
2.16	
7	
ℎ=	[𝐻𝑇𝐿] +	𝑒4>) 	[𝐸𝑇𝐿] → 𝛻	
2.17	





it	possible	 to	 fabricate	PK	solar	cells	 in	a	variety	of	architectures.14	There	are	 two	
main	 structure	 previously	 mentioned	 in	 section	 2.1,	 mesoporous	 and	 planar	
structures.	 	 Each	 structure	 can	 then	 be	 fabricated	 depending	 on	which	 transport	
material	 is	 exposed	 to	 light	 first.	 	 Where	 the	 ETL	 is	 exposed	 to	 light	 first	 the	
configuration	 is	known	as	an	n-i-p	architecture.	 	Conversely,	where	the	HTL	is	 the	
first	 to	 encounter	 light	 the	 configuration	 is	 known	 as	 a	 p-i-n	 architecture.23	 The	
processing	 and	 fabrication	 requirements	 differ	 depending	 on	 the	 perovskite	
structures.		As	a	result,	different	HTM,	ETM	and	metal	contacts	are	used	depending	













mesoscopic	 n-i-p	 structure	 (figure	 2.6	 (a))	 generally	 consists	 of	 a	 transparent	
conducting	oxide	cathode	(usually	FTO),	an	electron	transport	material,	mesoporous	











However,	 due	 to	 pre-existing	 interface	 issues,	 planar	 n-i-p	 structures	 have	 been	
known	to	exhibit	signs	of	hysteresis	(see	section	2.6).	
2.5.2	Inverted	p-i-n	Configuration	
The	 inverted	planar	p-i-n	 structure	 is	 fabricated	by	changing	 the	deposition	order	
where	 the	HTM	is	 the	 first	 transport	material	 to	be	exposed	to	 light.	 	 In	 this	case,	
organic	and	inorganic	hole	transport	materials	have	been	used.		Deposition	methods	
used	to	deposit	inorganic	HTM	are	not	often	compatible	with	the	n-i-p	configuration	
and	 can	 result	 in	 the	 degradation	 of	 the	 underlying	 absorber	 layers.	 	 When	 the	
structure	is	inverted	there	are	less	limitations	on	the	deposition	methods	available	
for	 deposition	 of	 the	 HTM.	 	 Most	 commonly	 used	 is	 polymer	 poly	 (3,	 4-










Although	 the	power	 conversion	 efficiencies	 of	 perovskite	 solar	 cells	 have	 risen	 to	
>20%	in	the	last	number	of	years,	long-term	stability	remains	an	issue	that	needs	to	
be	 overcome.	 	 It	 has	 been	 reported	 that	 exposure	 to	 high	 humidity	 and	 oxygen,	
moisture,	UV	radiation	and	high	 temperatures	have	caused	the	degradation	of	 the	
perovskite	solar	cell.3		
CH3NH3PbI3	 has	 been	 known	 to	 hydrolyse	 when	 exposed	 to	 moisture	 due	 to	 its	
sensitivity	 to	 water.	 	 The	 degradation	 of	 CH3NH3PbI3	proceeds	 via	 the	 following	
reactions:	
𝐶𝐻$𝑁𝐻$𝑃𝑏𝐼$	(𝑠) ↔ 𝑃𝑏𝐼!	(𝑠) +	𝐶𝐻$𝑁𝐻$𝐼	(𝑎𝑞)		 2.18	
𝐶𝐻$𝑁𝐻$𝐼	(𝑎𝑞) ↔ 	𝐶𝐻$𝑁𝐻!	(𝑎𝑞) + 𝐻𝐼	(𝑎𝑞)		 2.19	
4𝐻𝐼	(𝑎𝑞) +	𝑂!	(𝑔) ↔ 	2𝐼! + 2𝐻!𝑂	(𝑙)		 2.20	
2𝐻𝐼	(𝑎𝑞) ↔ 	𝐻!	(𝑔) + 𝐼!	(𝑠)		 2.21	
A	photochemical	reaction	causes	HI	to	degrade	to	H2	and	I2	under	UV	radiation.		It	
can	also	decompose	via	a	redox	reaction	when	in	the	presence	of	O2	(eqn.	2.20).		The	





It	 has	 also	 been	 well	 reported	 that	 perovskites	 are	 affected	 by	 highly	 humid	







of	 the	 device	 can	 be	 reduced.	 	 CH3NH2PbI3-xClx	 was	 also	 tested	 under	 high	






As	explained	 in	 section	2.5,	 the	most	 commonly	 fabricated	perovskite	 solar	 cell	 is	
made	up	of	compact	and	mesoporous	TiO2	used	as	an	ETL.	 	At	the	ETL/perovskite	
interface,	 degradation	 of	 the	 perovskite	 can	 occur	 when	 exposed	 to	 intense	 UV	
radiation.		The	mechanism	for	such	decomposition	is	described	as	follows:	
2𝐼) ↔	𝐼! +	2𝑒)				(TiO2/Perovskite	interface)	 2.22	
3𝐶𝐻$𝑁𝐻$= ↔	3𝐶𝐻$𝑁𝐻! ↑ +	3𝐻=	
2.23	
𝐼) +	𝐼! 	+ 	3𝐻= +	2𝑒) ↔ 	3𝐻𝐼 ↑	
2.24	
The	structure	of	the	perovskite	is	broken	down	as	the	TiO2	extracts	electrons	from	I-	
(eqn.	 2.22).	 	 The	 reaction	 is	 driven	 to	 completion	 by	 the	 elimination	 of	 H+	 and	
evaporation	 of	 CH3NH2	 (b.p.	 17⁰C)	 from	 equations	 2.24	 and	 2.23.	 	 The	 electrons	
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previously	 extracted	 from	 the	 interface	 then	 reduce	 I2	 and	 the	 remaining	 HI	
evaporates.33	
Many	 methods	 have	 been	 studied	 in	 an	 attempt	 to	 improve	 the	 stability	 of	 the	
perovskite	 layer.	 	 Sb2S3	 has	 been	 inserted	 into	 the	 interface	 between	 TiO2	 and	










perovskite	 solar	 cell	 devices.	 	 However,	 to	 date	 there	 has	 been	 evidence	 of	 J-V	
hysteresis	 in	 the	 PSCs.	 	 Hysteresis	 is	 observed	when	 the	 direction	 or	 the	 rate	 of	
voltage	 sweep	 is	altered	giving	different	values	when	scanned	 in	 the	 forward	and	
reverse	bias.	 	 It	has	been	reported	 that	when	a	device	 is	held	 in	 the	 forward	bias	
before	 the	measurement	 this	 can	 lead	 to	 a	 higher	 efficiency	 result	 than	when	 the	
device	is	held	in	the	reverse	bias.		This	can	put	into	question	the	integrity	of	the	power	
conversion	efficiencies	calculated	for	each	device.24,	41	
There	 are	 several	 causes	 that	 have	 been	 reported	 in	 literature	 including	
ferroelectricity,	ion	migration	and	charge	trapping	that	have	led	to	J-V	hysteresis.42	












has	 been	 found	 that	 perovskite	 solar	 cells	 with	 mp-TiO2	 in	 its	 structure	 have	 a	


































interlayers	 into	 planar	 devices	 using	 perovskite	 CH3NH3PbI3.48,51,52	 As	 mentioned	



















continuation	 of	 this	 progress.55	 A	 tandem	 cell	with	 two	 electrical	 contacts	 (better	









wide	 variety	 of	 perovskite-tandem	 devices;	 perovskite-perovskite,	 perovskite-
organic	and	perovskite-inorganic	solar	cells.58	For	the	sake	of	this	research,	we	focus	
on	 perovskite-inorganic	 tandem	 solar	 cells	 where	 PCEs	 of	 20.5-25.5%	 have	 been	
achieved	for	perovskite/Si	tandem	cells.59-62	



















four	 in	 the	solar	cell.	 	Removing	 two	of	 the	contacts	can	result	 in	higher	PCEs.	 	 In	
addition,	the	fabrication	of	a	monolithic	solar	cell	device	is	cheaper	due	to	a	reduction	
in	 the	 number	 of	 required	 layers.65	 In	 this	 thesis	 we	 focus	 on	 a	 2T	 monolithic	
perovskite-Si	tandem	solar	cell.	
	
Figure	 2.7:	 Schematic	 representing	 (a)	 4T	 (four-terminal)	 and	 (b)	 2T	 (two-
terminal/monolithic)	 tandem	 solar	 cells	 showing	 the	 material	 with	 a	 high	 energy	
bandgap	on	top	of	the	material	with	a	low	energy	bandgap55	



















requires	 a	 500⁰C	 temperature	 anneal.	 	 When	 incorporated	 in	 a	 monolithic	
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The	 Cambridge	 Nanotech	 Fiji	 200LLC	 is	 an	 ALD	 system	 that	 consists	 of	 a	 single	
deposition	 chamber	 and	 an	 external	 load-lock	 chamber.	 	 The	 load-lock	 has	 the	





















argon	 gas	 flow.	 	 In	 order	 to	 prevent	 in-line	 condensation	 the	manifold,	 inlet	 line,	
vapour	 trap,	 stop-valve	 and	 precursor	 vessels	 are	 all	 heated	 using	 controllable	
heating	jackets.			









the	chamber	and	delivered	 to	 the	vapour	 trap.	The	 trap	consists	of	a	heated	 large	
surface	area	of	mesh	material	with	a	highly	reactive	surface	where	the	by-products	







The	 precursors	 are	 located	 under	 the	 main	 chamber	 and	 are	 connected	 to	 the	
chamber	by	a	chemical	delivery	system.		The	gas	lines	are	equipped	with	a	mass-flow	






















carrier	gas	 lines	and	precursor	vapour	 lines	directly	 to	 the	substrate	and	expelled	
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through	 a	 gas	 distributor.	 	 The	 gas	 distributor	 allows	 for	 uniform	 deposition	 by	
spreading	the	precursor	evenly	across	the	entirety	of	the	substrates	surface.		
	
The	 vacuum	 system	 is	 located	 under	 the	 main	 chamber	 and	 is	 connected	 to	 the	
powder	trap	with	after	burner	using	vacuum	piping.		The	after	burner	is	situated	at	
the	 pumping	 line	 before	 the	 powder	 trap.	 	 Excess	 chemical	 and	 by-products	 are	






X-ray	 diffraction	 (XRD)	 is	 an	 analytical	 technique	 used	 to	 determine	 the	 crystal	
structure	of	materials	by	using	electromagnetic	 rays	of	wavelengths	between	1.0-
1000	nm.		A	metal	filament	is	heated	and	the	electrons	produced	are	accelerated	by	
an	electric	 field	toward	a	metal	 target	(Cu,	Mo	or	Cr).	 	The	electrons	bombard	the	
target	and	produce	electromagnetic	radiation.		
XRD	 requires	 a	 monochromatic	 x-ray	 source.	 	 A	 source	 than	 produces	 two	
wavelengths	(Ka	and	Kb)	gives	two	sets	of	reflections	and	two	sets	of	 interspersed	
reflections.	 	 This	 can	make	 indexing	difficult	 due	 to	 the	wavelengths	 overlapping.		
Copper	 and	 molybdenum	 make	 good	 x-ray	 sources	 if	 the	 weaker	 Kb	 can	 be	
eliminated.			






waves	 should	 undergo	 destructive	 interference,	 where	 the	 waves	 that	 should	
combine	 are	 out	 of	 phase	 and	 thus	 no	 reflected	 energy	will	 be	 emitted	 from	 the	
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thus	 must	 travel	 an	 extra	 distance	 CB	 +	 BD	 assuming	 the	 beams	 are	 continuing	
adjacent	and	parallel.	This	extra	distance	is	equal	to	nl	where	n	is	an	integral	multiple	
of	the	wavelength.		Thus,	nl=	CB	+	BD	for	the	two	x-ray	beams	to	remain	the	same.			
In	order	to	get	 the	beam	distance	 in	terms	of	l,	 the	sine	rule	 is	used	on	the	right-
angled	triangle	ABC	to	determine:	
𝑑𝑆𝑖𝑛q	 = 	𝐶𝐵	 3.1	





2𝑑𝑆𝑖𝑛q	 = 	𝑛l	 3.3	
	
Bragg’s	equation	makes	the	distance	between	a	set	of	atomic	planes	in	a	crystal	and	















rays	 produced	 from	 an	 x-ray	 tube.	 	 To	 produce	 x-ray	 photons,	 a	 heated	 filament	















ℎ𝑣 = 	𝐸> +	𝐸6 + 	∅	 3.16	
	
Where,	ℎ𝑣	 is	 the	 incident	photon	energy,	𝐸>	 represents	 the	binding	energy	of	 the	
electrons	to	the	nucleus	of	the	atom,	𝐸6 	describes	the	kinetic	energy	of	the	emitted	
photoelectrons	and	∅	is	the	work	function	or	correction	factor	used	by	the	instrument	
which	 represents	 the	minimum	 amount	 of	 energy	 required	 for	 an	 electron	 to	 be	





















A	 four-point	probe	can	be	used	 to	measure	 the	sheet	 resistance	of	 semiconductor	
materials.		The	four-point	probe	consists	of	four	equally	spaced	tungsten	metal	probe	
tips	of	a	known	radius.		The	probe	tips	are	mounted	on	a	spring-loaded	mechanical	
stage	that	prevents	damage	of	 the	tips	during	probing.	 	A	high	 impedance	current	
source	 forces	 a	 current	 through	 the	 outer	 probes	 1	 and	 4	 and	 voltmeter	 then	
measures	 the	 voltage	 drop	 between	 the	 inner	 probes	 2	 and	 3.	 	 Using	 the	 values	
obtained	 from	 these	 measurements	 the	 sheet	 resistance	 of	 the	 samples	 can	 be	
determined.		Highly	resistive	samples	require	low	currents	forced	across	the	outer	
















































depends	upon	 the	 ratio	of	 the	samples’	 thickness	 to	 the	probe	spacing	and	 thus	a	
different	set	of	values	are	used	for	these	sample	sets.		Samples	in	this	thesis	measured	




Hall	 Effect	 measurements	 are	 used	 to	 determine	 the	 Hall	 voltage	 (VH),	 carrier	
concentration	 (n),	 carrier	mobility	 (μH),	 and	 conductivity	 type	 (N	or	P).	 	 The	Hall	
Effect	is	observed	when	the	current	along	the	sample	and	the	magnetic	field	through	










































current	 polarity	 and	 magnetic	 field	 are	 reversed	 to	 undergo	 eight	 Hall	 Effect	





















In	 order	 to	 calculate	 the	 resistivity	 (ρ)	 accurately	 numerous	 Van	 der	 Pauw	
measurements	 are	 used	where	 the	 source	 polarity	 is	 reversed	 similar	 to	 the	Hall	
voltage	measurement.			
𝑅/ =	





























an	electron	gun	through	a	sample	to	create	an	 image.	 	Thermionic	emission	 is	 the	
most	widely	used	system	to	generate	electrons.		A	tungsten	wire	bent	into	a	hairpin	
shape	 is	 heated	 by	 an	 applied	 electrical	 current.	 	 When	 the	 tungsten	 reaches	 a	
temperature	 in	excess	of	2700	K	electrons	and	 light	are	generated	 from	 the	wire.		
From	the	electron	gun,	electrons	are	then	accelerated	toward	the	anode.		A	beam	of	
high	 energy	 electrons	 then	 pass	 through	 an	 aperture	 in	 the	 anode	 and	 into	 the	
microscope	column.			
The	beam	of	electrons	then	passes	through	a	series	of	condenser	lenses	which	control	




The	 sample	 is	mounted	below	 the	 condenser	 lenses	 in	 a	 specimen	 chamber.	 	 The	
chamber	 must	 allow	 the	 sample	 to	 be	 held	 in	 position	 above	 the	 objective	 lens	


























An	 electron	 gun	 produces	 a	 source	 of	 electrons	which	 are	 accelerated	 toward	 an	
anode.		The	beam	then	passes	through	two	or	three	condenser	lenses	which	controls	
the	size	of	the	beam	hitting	the	sample.		The	beam	then	passes	through	a	coiled	Cu	























light	and	 the	remainder	will	be	 transmitted	 through	 the	sample.	 	The	 transmitted	





















× 	100 =	Transmittance	rate	(%T)	 3.15	
	




















which	 disperses	 the	 light	 into	 its	 integral	 wavelengths.	 	 By	 traveling	 through	 a	
monochromator	 or	 a	 slit	 a	 specific	wavelength	 is	 directed	 toward	 the	 sample.	 	 A	
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the	 electrical	 and	 optical	 properties	 changed	 with	 thickness.	 	 All	 growths	 were	
completed	 using	 the	 Picosun	 R200	 and	 were	 deposited	 onto	 Corning©	 glass	
microscope	 slides	 and	p-type	 Si	 substrates.	 	 All	 glass	 slides	underwent	 a	 cleaning	
treatment	of	Decon	90,	 acetone	and	 IPA	prior	 to	growth.	 	P-type	Si	 samples	were	
cleaned	using	N2	gas	prior	to	oxide	deposition	as	the	samples	were	freshly	fabricated.	
The	growth	parameters	for	the	Picosun	R200	are	outlined	in	Table	4.1.	
Protective Pt and C films 
Glass 














Glass/p-Si	 300	 0.05	 0.1	 6.0	 200	
Glass/p-Si	 350	 0.05	 0.1	 6.0	 200	
Glass/p-Si	 500	 0.05	 0.1	 6.0	 200	
Glass/p-Si	 1000	 0.05	 0.1	 6.0	 200	
Glass/p-Si	 1500	 0.05	 0.1	 6.0	 200	
Table	4.1:	Growth	conditions	of	ZnO	for	Picosun	R200	
	





work	 it	 was	 determined	 that	 19:1	 ratio	 of	 ZnO:dopant	 contained	 the	 optimum	
amount	 of	 Al2O3	 to	 obtain	 a	 good	 TCO.6	 The	 GPC	 of	 Al2O3	 was	 assumed	 to	 ~0.1	
nm/cycle.7,	8	AZO	was	deposited	on	Corning©	glass	microscope	slides	and	p-type	Si	
substrates	using	Picosun	R200.		All	glass	substrates	were	precleaned	using	the	same	
methodology	 as	 for	 the	 ZnO	 samples.	 	 In	 addition,	 to	 allow	 comparison	with	 the	
nominally	 undoped	 samples	 the	deposition	 temperature	 and	 range	of	 thicknesses	
(300-1000	ALD	cycles)	matched	those	of	the	undoped	ZnO	as	outlined	in	Table	4.2.		
Due	 to	 the	 growth	 rate	 of	 Al2O3	 being	 slower	 than	 ZnO,	 and	 the	 potential	 for	
nucleation	delays	between	laminates,	the	total	thickness	of	the	AZO	films	could	not	


























Glass/p-Si	 300	 19:1	 0.05	 0.1	 0.1	 6.0	
Glass/p-Si	 350	 19:1	 0.05	 0.1	 0.1	 6.0	
Glass/p-Si	 500	 19:1	 0.05	 0.1	 0.1	 6.0	
Glass/p-Si	 1000	 19:1	 0.05	 0.1	 0.1	 6.0	
Glass/p-Si	 1500	 19:1	 0.05	 0.1	 0.1	 6.0	
Table	4.2:	Growth	conditions	for	AZO	(19:1)	deposited	at	200⁰C	for	Picosun	R200	
	
4.1.3 ALD of Hf-doped ZnO: Picosun R200 
For	 deposition	 of	 Hf-doped	 ZnO	 (HZO),	 tetrakis(ethylmethylamino)hafnium	 was	
heated	to	70⁰C	and	the	boost	function	on	the	Picosun	R200	was	activated.		H2O	was	




































Glass/p-Si	 300	 19:1	 0.05	 1.0	 1.6	 6.0	
Glass/p-Si	 350	 19:1	 0.05	 1.0	 1.6	 6.0	
Glass/p-Si	 500	 19:1	 0.05	 1.0	 1.6	 6.0	
Glass/p-Si	 1000	 19:1	 0.05	 1.0	 1.6	 6.0	
Glass/p-Si	 1500	 19:1	 0.05	 1.0	 1.6	 6.0	
Table	4.3:	Growth	conditions	of	HZO	(19:1)	deposited	at	200⁰C	for	Picosun	R200	
	
4.1.4 ALD of Ti-doped ZnO: Picosun R200 
For	 the	 deposition	 of	 Ti-doped	 ZnO	 (TZO),	 tetrakis(dimethylamino)titanium	 was	
heated	 to	 75⁰C	 and	 also	 required	 the	 activation	 of	 the	 boost	 function.	 	 H2O	 was	




























Glass/p-Si	 300	 19:1	 0.05	 6.0	 1.6	 8.0	
Glass/p-Si	 350	 19:1	 0.05	 6.0	 1.6	 8.0	
Glass/p-Si	 500	 19:1	 0.05	 6.0	 1.6	 8.0	
Glass/p-Si	 1000	 19:1	 0.05	 6.0	 1.6	 8.0	






Electrical	 conductivity	was	measured	 using	 a	 Lakeshore	Hall	 Effect	Measurement	
system	as	outlined	in	section	3.2.4.	 	Here	the	sheet	resistance	(Ω/□),	Hall	mobility	




















60	 15.3	 2.02	x	1019	 3380.5	
70	 15.0	 2.04	x	1019	 2912.9	
100	 25.0	 3.05	x	1019	 809.0	
180	 27.7	 2.78	x	1019	 449.9	

















60	 9.86	 1.88	x	1020	 559.4	
70	 7.46	 2.15	x	1020	 554	
100	 9.15	 3.39	x	1020	 200	


















60	 14.2	 1.54	x	1020	 474	
70	 16.6	 2.78	x	1020	 192.2	
100	 16.2	 2.01	x	1020	 192	


















60	 5.7	 1.74	x	1020	 1042.5	
70	 10	 2.60	x	1020	 390	
100	 10.4	 4.58	x	1020	 217.5	
180	 16.1	 2.16	x	1020	 99.9	






films	 increased	 the	 sheet	 resistance	 decreased.	 	 Table	 4.5	 outlines	 the	 electrical	




temperature	 is	 vital	 to	 make	 the	 films	 electrically	 viable,	 an	 observation	 that	 is	
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confirmed	 by	 a	 distinct	 improvement	 in	 the	 sheet	 resistance	 values	 by	 the	
introduction	of	the	dopants.			
As	 thicker	 films	 (200	nm)	gave	 the	best	 electrical	 values	discussion	 is	 focused	on	
these	samples.	AZO	and	TZO	revealed	very	similar	sheet	resistance	values	of	89.1	Ω/□	
and	83.5	Ω/□	 respectively	 (Tables	4.6	and	4.8).	 	The	main	difference	between	 the	
materials	lay	in	the	Hall	mobility	measurements	where	the	values	obtained	for	TZO	
were	 significantly	 improved	 as	 compared	 to	 AZO	 with	 a	 value	 of	 11.7	 cm2/Vs	
















70%	 in	 the	 visible	 range.	 	 It	 was	 clear	 that	 there	 were	 some	 changes	 in	 the	
transparency	as	 the	material	 increased	 in	 thickness	however	at	200	nm	each	 film	
obtained	a	%	transmittance	in	excess	of	80%	in	the	near	IR	and	in	excess	of	70%	in	
























































































































































































































up	 atomic	 layer	 deposition	 the	 depth	 profile	 of	 the	 XPS	 system	 may	 penetrate	
different	 levels	 in	each	film	and	as	a	result	the	atomic	%	values	obtained	could	be	
inconsistent.	 	 Residual	 carbon,	 arising	 from	 precursor	 ligands,	 was	 present	 in	 all	








FTO	 currently	 being	 used	 in	 perovskite	 solar	 cells	 as	 the	 transparent	 contact.		
Although	these	materials	are	functional	for	single-junction	devices,	due	to	the	high	
temperatures	 and	 high	 energy	 techniques	 used	 to	 deposit	 such	 materials	 an	
alternative	material	and	deposition	method	is	vital	when	fabricating	a	tandem	solar	














(002)	peak	 in	XRD	patterns.19,	 21	 This	 trend	was	 also	 observed	 in	 figure	4.4.	 	 The	





























which	 can	 result	 in	 grain	 boundaries	 forming	 on	 the	 surface	 and	 cause	 ion	
scattering.26,	27	As	the	conductivity	of	the	ZnO	is	mainly	affected	by	the	generation	of	





















nm	 thick	 films.	 	 HZO	 (Table	 4.8)	 shows	 that	 the	Hall	mobility	 values	 are	 directly	
proportional	to	the	carrier	concentration.		It	is	possible	that	for	ZnO	and	HZO	fewer	
grain	 boundaries	 are	 present	 in	 the	 film	 allowing	 for	 free	movement	 of	 electrons	
through	the	film.		Thus	the	dopant	ions	are	having	less	of	an	influence	on	the	resulting	
microstructure	 of	 the	 films.	 For	 AZO	 and	 TZO	 films	 charge	 trapping	 in	 the	 grain	
boundaries,	due	 to	 large	 crystallites	 formed	 in	 the	 film,	 could	have	 influenced	 the	
electrical	data.		Thus,	it	seems	that	there	is	a	correlation	between	the	crystallinity	of	
the	 films	 and	 the	 electrical	 properties	with	 a	 film	with	 a	 smooth	 surface	 and	 few	
surface	 features	 reducing	 scattering	 and	 leading	 to	 a	 higher	 Hall	 mobility	 and	 a	
reduced	sheet	resistance	value.5	












concentration	 of	 19:1	 (ZnO:dopant).	 	 The	 films	 produced	 all	 gave	 an	 optical	
transparency	 in	 excess	 of	 70%	 with	 the	 absorption	 band	 edge	 shifting	 once	 the	
dopants	were	introduced.		ZnO	and	doped	ZnO	were	polycrystalline	and	at	200	nm	
the	 films	had	a	preferred	orientation	 in	 the	 (002)	direction.	 	Doping	 the	ZnO	was	
observed	 to	 improve	 all	 electrical	 properties	 significantly	 with	 the	 best	 values	














































[12]	 K.	 M.	 Gad,	 D.	 Vössing,	 A.	 Richter,	 B.	 Rayner,	 L.	 M.	 Reindl,	 S.	 E.	 Mohney,	 M.	





































onto	 Corning	 glass	microscope	 slides,	 quartz	 and	 Si(001)	 at	 200⁰C	 for	 1500	 ALD	
cycles	 (nominally	 300	 nm).	 	 All	 glass	 slides	 and	 quartz	 substrates	 underwent	 a	
cleaning	treatment	of	Decon	90,	acetone	and	IPA	prior	to	growth.		P-type	Si	samples	














































highly	 ordered	 film	with	 columnar	 features	 in	 the	 bulk.	 	Doping	 ZnO	 changes	 the	
microstructure	of	 the	 films	and	causes	 the	grains	 to	 increase	 in	size.	 	 SEM	of	TZO	
exhibited	similar	features	to	those	seen	in	AZO	and	HZO	with	large	collumnar	grains	
evident	 on	 the	 surface.	 	 However,	 spherical	 features	 are	 also	 visible	 amongst	 the	
cylindrical	features	which	are	not	seen	on	the	surface	of	the	other	thin	films.		These	












The	 cross-sectional	 SEM	 represented	by	 figure	5.1	 (b)	 displays	 signs	 of	 a	 densely	
packed	film	with	little	sign	of	individual	features.		Based	on	a	growth	per	cycle	of	0.2	
nm/cycle	1500	ALD	cycles	should	deposit	300	nm	of	ZnO	and	doped	ZnO.		However,	
the	 cross-sectional	 SEM	 shows	 that	 there	 are	 discrepancies	 between	 the	 nominal	
thickness	values	and	those	observed.		It	is	evident	that	there	are	nucleation	delays	
when	 depositing	 the	 ZnO	 on	 the	 glass/Si(001)	 substrate	 and	 	 both	 delays	 and	

























































































S1	(ZnO)	 23	 3.7	x	1019	 230	
S2	(HZO)	 15.4	 1.6	x	1020	 60	
S3	(AZO)	 9.6	 4.8	x	1020	 44.5	











of	 TZO	 of	 9.6	 cm3/Vs	 for	 AZO	 compared	 with	 12.7	 cm3/Vs	 for	 TZO.	 	 Thus	 TZO	
displayed	properties	closest	to	the	commercially	available	ITO	exhibiting	low	sheet	
resistance	and	good	Hall	mobility.	
19:1	 dopant	 ratio	 ZnO:dopant	was	 chosen	 for	 this	 study	 based	 on	 previous	work	








The	19:1	 ZnO	 to	 dopant	 ratio	 used	up	 to	 this	 point	 in	 the	 study	were	 selected	 to	
correspond	 to	 the	optimal	dopant/laminate	 spacing	observed	 in	 the	 literature	 for	
AZO.15	However,	here	it	was	observed	that	the	other	dopants	employed	(Hf	and	Ti)	
were	 electrically	more	 promising	 as	 a	 consequence	 this	 doping	 ratio	 needs	 to	 be	
confirmed	for	these	growth	systems.		With	this	in	mind	Ti	doping	ratios	in	ZnO	were	
varied.		
Note	 for	 these	 studies	 the	Cambridge	Nanotech	Fiji	200LLC	was	employed	due	 to	
maintenance	 issues	 with	 the	 Picosun	 R200.	 	 Although	 the	 growth	 recipes	 were	
similar	 and	 conditions	 aligned	 it	 should	 be	 acknowledged	 that	 absolute	 film	



























Glass/p-Si	 900	 9:1	 0.1	 0.05	 0.4	 20.0	
Glass/p-Si	 900	 19:1	 0.1	 0.05	 0.4	 20.0	


































9:1	(2.7%)	 6.78	 1.71	x	1020	 297.9	













41	Ω/□	 is	within	 the	 sheet	 resistance	 range	of	 commercially	 available	 ITO	 (8-100	
Ω/□).		It	is	low	enough	to	allow	current	to	flow	freely	throughout	the	film	while	still	
maintaining	 a	 sufficiently	 high	 Hall	 mobility	 value	 of	 12.7	 cm3/Vs.	 	 It	 has	 been	
accepted	that	 there	 is	a	 link	between	the	microstructure	of	 the	material	and	good	
optical	 and	 electrical	 properties11.	 Polycrystalline	 materials	 have	 been	 known	 to	
produce	low	sheet	resistance	values.		Similarly,	as	the	density	of	the	film	increases	a	
relative	increase	in	electron	mobility	through	the	film	is	observed.		Grain	size	can	also	









of	 TZO	 revealed	 that	 the	 grain	 size	was	much	 smaller	 than	 that	 of	 ZnO	 and	 also	
displayed	spherical	features	similar	to	those	of	ZnO	nanoparticles1-3.		
Optical	 spectroscopy	 revealed	 that	 the	 HZO	 was	 the	 most	 optically	 transparent	





the	 film	 improved	 the	 electrical	 conductivity	 of	 the	 films.	 	 If	 HZO	was	 deposited	










low	 temperatures	 (>200⁰C).	 	 As	 deposition	 of	 HfO2	 at	 200⁰C	 already	 results	 in	 a	
nucleation	 delay	 depositing	 the	 same	 material	 at	 even	 lower	 tempertures	 was	
concluded	as	being	outside	the	means	of	the	Hf	precursors.	As	a	result,	the	remainder	
of	this	study	focuses	on	TZO	as	the	next	most	viable	material.		
Having	determined	 that	Ti	was	 the	best	performing	dopant	used	 in	 this	 study	 the	
optimum	 concentration	 of	 dopant	 was	 explored.	 	 As	 outlined	 in	 Table	 5.4	 Ti	
concentration	 to	produce	a	 film	with	a	19:1	ratio	does	produce	 the	best	electrical	
properties	which	are	sufficient	to	enable	the	replacement	of	ITO	in	perovskite	solar	
cells.	 	This	observation	is	supported	by	the	 literature	where	a	Ti	concentration,	 to	
produce	 low	 sheet	 resistance	 values,	 1.3	 atomic	 %	 (19:1	 ratio).3-7	 180	 nm	 TZO	
deposited	 using	 at	 0.85	 atomic	 %	 Ti	 concentration	 produced	 a	 film	 with	 a	 Hall	
mobility	value	of	14.0	cm2/Vs	similar	to	the	value	16.1	cm2/Vs	obtained	from	the	film	
with1.3	 atomic	 %	 Ti	 concentration	 of	 the	 same	 thickness.	 However,	 the	 sheet	











































































































	 Instruction	 #	 Value	 Unit	 Description	
0	 wait	 	 3600	 s	 Substrate	stabilisation	time	
1	 flow	 0	 40	 sccm	 Carrier	gas	flow	ON	
2	 flow	 1	 180	 sccm	 Plasma	unit	flow	ON	
3	 wait	 	 1	 s	 -	
4	 pulse	 2	 0.1	 s	 DEZ	pulse	time	
5	 wait	 	 20	 s	 Purge	time	
6	 pulse	 5	 0.05	 s	 H2O	pulse	time	
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7	 wait	 	 19	 s	 Purge	time	
8	 go	to	 4	 10	 	 Cycles	until	desired	
concentration	has	been	
reached	
9	 wait	 	 1	 s	 -	
10	 pulse	 0	 0.5	 s	 TDMAT	pulse	time	
11	 wait	 	 20	 s	 Purge	time	
12	 pulse	 5	 0.05	 s	 H2O	pulse	time	
13	 Wait	 	 20	 s	 Purge	time	
14	 pulse	 2	 0.1	 s	 DEZ	pulse	time	
15	 wait	 	 20	 s	 Purge	time	
16	 Go	to	 14	 9	 	 Cycle	until	desired	
concentration	has	been	
reached	





	 Instruction	 #	 Value	 Unit	 Description	
0	 wait	 	 1	 s	 Substrate	stabilisation	time	
1	 flow	 0	 20	 sccm	 Carrier	gas	flow	ON	
2	 flow	 1	 200	 sccm	 Plasma	unit	flow	ON	
3	 MFC	Valve	 3	 1	 -	 MFC	Valve	open.	O2	flowing	
4	 wait	 	 10	 s	 -	
5	 wait	 	 2	 s	 -	
6	 pulse	 2	 0.05	 s	 DEZ	pulse	time	
7	 wait	 	 20	 s	 Purge	time	
8	 pulse	 5	 0.05	 s	 H2O	pulse	time	
9	 wait	 	 18	 s	 Purge	time	
10	 go	to	 5	 10	 -	 Cycles	until	desired	
concentration	has	been	
reached	
11	 wait	 	 20	 s	 -	
12	 pulse	 3	 0.4	 s	 TTIP	pulse	time	
13	 wait	 	 10	 s	 Purge	time	
14	 plasma	 	 300	 W	 Plasma	powered	on	
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15	 wait	 	 5	 	 	
16	 flow	 3	 10	 sccm	 Oxygen	gas	flow	ON	
17	 wait	 	 4	 s	 Stablisation	time	
18	 Flow	 3	 11	 sccm	 Oxygen	gas	flow	ON	
19	 wait	 	 2	 sccm	 	
20	 flow	 3	 12	 sccm	 Oxygen	gas	flow	ON	
21	 wait	 	 2	 s	 	
22	 flow	 3	 13	 sccm	 Oxygen	gas	flow	ON	
23	 wait	 	 2	 s	 	
24	 flow	 3	 14	 sccm	 Oxygen	gas	flow	ON	
25	 wait	 	 2	 s	 	
26	 flow	 3	 15	 sccm	 Oxygen	gas	flow	ON	
27	 wait	 	 20	 s	 	
28	 flow	 3	 0	 sccm	 Oxygen	gas	stopped	flowing	
29	 wait	 	 2	 s	 	
30	 plasma	 	 0	 W	 Plasma	powered	off	
31	 wait	 	 10	 s	 	
32	 wait	 	 2	 s	 	
33	 pulse	 2	 0.05	 s	 DEZ	pulse	time	
34	 wait	 	 10	 s	 Purge	time	
35	 pulse	 5	 0.05	 s	 DEZ	pulse	time	
36	 wait	 	 10	 s	 Purge	time	
37	 go	to	 32	 9	 -	 Cycle	until	desired	
concentration	has	been	
reached	
38	 wait	 	 20	 s	 	














deposition	 of	 the	 active	medium	and	prior	 to	 the	 formation	 of	 the	 hole	 transport	
material	(see	figure	6.1	for	diagram	of	P1	and	Kapton	masking).	
	
Figure	 6.1:	 Schematic	 of	 the	 P1	 line	 and	 Kapton	 masking	 of	 TZO	 or	 ITO	 in	 the	
fabrication	of	perovskite	solar	cells	



















using	 a	 Phillips	 (PW3719)	 X’pert	 x-ray	 diffractometer	 with	 Cu	 Kα	 radiation	 (λ	 =	
0.154056	nm).		The	morphologies	and	thicknesses	of	the	materials	were	examined	
using	scanning	electron	microscopy	 (SEM,	FEI	Quanta	FEG	650)	and	 transmission	









The	conductivity	of	 the	TZO	was	 found	 to	be	dependent	on	 the	dopant	precursor.	
Films	grown	with	TTIP	as	 the	dopant	precursor	were	 found	to	be	 less	conducting	
than	those	that	used	TDMAT	(see	Table	6.3).		It	is	likely	that	the	more	reactive	nature	
of	TDMAT,	as	compared	to	TTIP,	is	key	to	this	difference.		Highly	reactive	precursors	


















TTIP	 0.914	 2.11	x	1019	 17905.0	




At	 200⁰C	 ALD-grown	 TZO	 using	 TDMAT	 was	 found	 to	 be	 polycrystalline	 with	 a	
dominant	orientation	in	the	(100)	direction	(figure	6.2(a)).	 	Plan	view	SEM	of	TZO	
shown	 in	 figure	6.2(b)	 shows	evidence	of	 large	grains	 characteristic	of	 crystalline	
films	(explained	in	further	detail	in	section	5.2.1.).		The	TEM	image	(figure	6.2(c)	of	
TZO	deposited	by	1500	ALD	cycles	shows	the	thickness	to	be	240	nm,	less	than	the	
theoretical	 value	 of	 300	 nm.	 	 This	 is	 due	 to	 the	 nucleation	 delays	 between	 the	
laminates	 of	 dopant	 and	 matrix	 material	 which	 in	 turn	 is	 probably	 caused	 by	
physisorbed	residual	dopant	ligands	as	they	block	growth	sites.		As	a	consequence,	
full	monolayer	growth	of	the	desired	material	is	not	achieved	reducing	the	thickness	











Optical	performance	of	TZO	and	 ITO	are	 illustrated	 in	 figure	6.3	where	an	optical	
transparency	 in	 excess	 of	 75%,	 for	 both	 films	 across	 the	 range	 250-1300	 nm,	 is	


























































and	 results	 in	 promising	 electrical	 and	 optical	 properties	 rivalling	 ITO.	 	 Although	
TCOs	in	single	junction	perovskite	solar	cells	are	not	limited	by	temperature,	when	
transferred	into	tandem	solar	cells,	a	thermal	budget	of	<200⁰C	must	be	implemented	






































































Device	1:	ITO	 0.25	 Reverse	 1023.8	 18.06	 60.61	 11.03	
	 	 Forward	 1062.9	 18.03	 60.57	 11.61	
Device	2:	TZO	 0.25	 Reverse	 1026.8	 18.03	 39.01	 7.22	

































































































currently	used	 in	 state-of-the-art	p-i-n	perovskite	 solar	 cells	with	 sheet	 resistance	
values	of	41.1	Ω/□	and	Hall	mobility	of	13.2	cm3/Vs.		In	order	to	demonstrate	how	


























J-V	 curves	 of	 the	 test	 cell	 show	 that	 the	 cells	 were	 producing	 a	 photocurrent	
efficiently.	 	 However,	 there	 was	 a	 discrepancy	 between	 the	 predicted	 maximum	






















[1]	 A.	 G.	 Scheuermann,	 J.	 P.	 Lawrence,	M.	 Gunji,	 C.	 E.	 Chidsey,	 P.	 C.	McIntyre,	ECS	
Trans.,	58(10),	75-86,	(2013)	





























Another	 major	 challenge	 discovered	 is	 in	 the	 scale	 up	 of	 the	 solar	 cell	 devices.		
Currently,	hole	transport	materials	are	deposited	using	materials	spin	coated	onto	
the	perovskite	in	an	n-i-p	configuration	(see	chapter	2).		This	method	is	reliable	only	
when	 depositing	 onto	 small	 sample	 areas.	 	 Another	 method	 deposits	 the	 hole	
transport	material	by	electron	beam	evaporation	which	is	a	high	energy	process	and	
can	cause	damage	to	the	underlying	tandem	cell.			
As	 the	 requirement	 to	 scale	 up	 tandem	 solar	 devices	 for	 commercial	 purposes	
becomes	more	pressing,	the	need	to	find	an	alternative	deposition	method	and/or	
alternative	material	is	required.	








to	 maintain	 the	 devices	 integrity.	 	 O2	 plasma	 is	 used	 to	 reduce	 the	 deposition	







as	 the	 metal	 precursor	 and	 oxygen	 source	 which	 were	 held	 at	 80⁰C	 and	 room	
temperature	 respectively.	 	 Growth	was	 performed	 on	 a	 Cambridge	NanoTech	 Fiji	
F200LLC	ALD	reactor	on	Corning©	glass	microscope	slides	and	p-Si	at	temperatures	
of	 200⁰C	and	250⁰C	 in	 an	 argon	 flow.	The	 growth	 rate	 at	 these	 temperatures	was	
previously	 determined	 to	 be	 0.12	 nm/cycle	 and	 0.18	 nm/cycle	 respectively.3,4	 To	
generate	films	for	analysis	the	VOx	was	deposited	for	333	cycles	at	each	temperature.		
Prior	to	deposition,	the	glass	substrates	were	ultra-sonicated	in	Decon	90,	acetone	
and	 IPA	 thoroughly.	 	Deposition	parameters	 for	 each	 temperature	 are	outlined	 in	
Table	7.1.	
	
	 Instruction	 #	 Value	 Unit	 Description	
0	 wait	 	 3600	 s	 Substrate	stabilisation	time	
1	 flow	 0	 20	 sccm	 Carrier	gas	flow	ON	
2	 flow	 1	 200	 sccm	 Plasma	unit	flow	ON	
3	 wait	 	 5	 s	 -	
4	 pulse	 3	 0.3	 s	 TDMAV	pulse	time	
5	 wait	 	 20	 s	 Purge	time	
6	 pulse	 5	 0.05	 s	 H2O	pulse	time	
7	 wait	 	 20	 s	 Purge	time	



















	 Instruction	 #	 Value	 Unit	 Description	
0	 wait	 	 3600	 s	 Substrate	stabilisation	time	
1	 flow	 0	 20	 sccm	 Carrier	gas	flow	ON	
2	 flow	 1	 200	 sccm	 Plasma	Unit	flow	ON	
3	 MFC	Valve	 3	 1	 -	 Oxygen	gas	line	activated	
4	 wait	 	 5	 s	 -	
5	 pulse	 3	 0.3	 s	 TDMAV	pulse	time	
6	 wait	 	 20	 s	 Purge	time	
7	 plasma	 	 300	 W	 Plasma	power	ON	
8	 Wait	 	 5	 s	 	
9	 Flow	 3	 10	 sccm	 Oxygen	gas	flow	ON	
10	 Wait	 	 4	 s	 	
11	 flow	 3	 12	 sccm	 Oxygen	gas	flow	ON	
12	 wait	 	 1	 s	 	
13	 Flow		 3	 15	 sccm	 Oxygen	gas	flow	ON	
14	 Wait	 	 20	 s	 	
15	 flow	 3	 0	 sccm	 Oxygen	gas	flow	OFF	
16	 Wait	 	 2	 s	 	
17	 plasma	 	 0	 W	 Plasma	power	OFF	
18	 wait	 	 20	 s	 Purge	time	

















450⁰C5.	 	After	 the	post-growth	anneal	 the	 films	revealed	peaks	attributed	to	(001)	
V2O5	 and	 (002)	V2O5.3	 In	a	 separate	 study	however,	Muschoot	et	al	 deposited	VOx	



























Optical	 transmission	 properties	 of	 the	 thin	 films	 was	 gathered	 using	 UV/visible	
spectroscopy	 from	 250-1200	 nm.	 	 Figure	 7.2	 shows	 the	 %	 transmission	 of	 as-

































It	 was	 therefore	 concluded	 that	 as	 grown	 VOx	 may	 not	 have	 the	 appropriate	
properties	 for	 an	 effective	 transparent	 hole	 transport	 medium,	 both	 in	 terms	 of	










Optical	properties	of	 the	annealed	 films,	 in	 line	with	 the	 colour	 change,	 improved	
significantly	as	illustrated	by	figure	7.3.	where	the	transmission	of	thermal	H2O	VOx	
thin	films	at	200⁰C	(blue),	thermal	H2O	at	250⁰C	(orange),	O2	plasma	at	200⁰C	(green)	























VOx	 deposited	 at	 200⁰C	 by	 thermal	 H2O	 ALD	 (figure	 7.4	 (a)),	 show	 randomly	
orientated	 grains	 of	 both	 cylindrical	 and	 spherical	 shapes.	 	 As	 the	 temperature	
increases	to	250⁰C	(figure	7.4	(b)),	the	grain	size	decreases,	and	the	surface	appears	



































films	 remain	 relatively	 smooth.	 	When	 the	 sample	was	deposited	by	O2	 plasma	at	
200⁰C	and	annealed	(figure	7.4	(f))	the	grains	also	swell	and	increase	in	size.		The	film	
also	is	observed	to	become	rougher	compared	to	the	as-deposited	film	in	figure	7.4	






Hole	 transport	material:	Planar	 perovskite	 solar	 cells	were	 fabricated	 in	 the	p-i-n	
configuration.	 	 Here,	 standard	 hole	 transport	 layer,	 NiO	 is	 compared	with	 atomic	
layer	 deposited	 (ALD)	 VOx	 in	 perovskite	 solar	 cells	 based	 on	 power	 conversion	
efficiency	(PCE).		Cambridge	NanoTech	Fiji	F200	LLC	ALD	reactor	was	used	to	deposit	
20	nm	VOx	at	200⁰C	as	described	in	section	7.1.2.	TDMAV	and	O2	plasma	in	an	argon	










laser	 (193	nm	Lasertechnik	ATLEX	300i).	 	 A	P2	 line	was	 then	 formed	on	 the	 ITO	
substrates	by	masking	5	mm	of	the	edge	of	the	sample	opposite	to	the	laser	etched	
P1	line	prior	to	deposition	of	the	hole	transport	material.				
Three	 devices	 were	 fabricated	 and	 tested	 for	 power	 conversion	 efficiency	 (PCE)	
(Table	7.3).		20	nm	NiO	was	used	as	the	hole	transport	material	in	the	control	device.		




deposition.	 	 20	 nm	NiO	was	 deposited	 by	 RF	 sputtering	 (ClusterLine	 200	 II	 from	
Evatec)	on	top	of	commercial	ITO	(12.4	Ω/□)	from	Kintec.	





Performance	 of	 the	 fabricated	 perovskite	 cells	was	 determined	 using	 a	 two-lamp	
class	AAA	WACOM	sun	simulator	with	an	AM	1.5	G	irradiance	spectrum	at	1000	W	
cm-2.		The	cells	active	area	of	0.25	cm2	or	1.063	cm2	was	defined	using	a	metal	mask.	














A	 control	 and	 two	 test	 device	 sets,	 each	 of	 four	 samples,	 were	 fabricated	 and	
electrically	 tested	under	 a	 solar	 simulator	 as	outlined	 in	 the	 experimental	details.		
Table	7.4	summarises	the	cell	results	for	each	p-i-n	configured	perovskite	solar	cell	



























1.06	cm2	 Forward	 1010	 18.66	 53.97	 10.17	
Device	1:	As-
deposited	VOx	
1.06	cm2	 Reverse	 698	 9.43	 30.54	 2.01	
Device	2:	
Annealed	VOx	











Refer	 to	Appendix	 II	 for	 J-V	 curves.	 	 Figure	7.5	 compares	 the	open-circuit	 voltage	
(Voc),	current	density	(Jsc),	fill	factor	(FF)	and	power	conversion	efficiency	(PCE)	of	all	
test	 and	 control	 cells.	 	 It	 is	 evident	 from	 the	 box-graphs	 that	 the	 control	 device	
showed	little	variation	from	cell	to	cell	indicating	good	reproducibility	of	the	device.		












lower	 than	 the	 reference	 sample	 of	 10.17%	 with	 values	 of	 2.01%	 and	 1.48%	
respectively.			


















determine	 whether	 VOX	 was	 a	 viable	 material	 system	 a	 post	 growth	 anneal	 was	
proposed,	despite	this	not	being	ideal	for	the	strict	thermal	budget	restrictions	for	
tandem	cells.	Two	device	 sets	were	 fabricated	 incorporating	 the	VOx	 as-deposited	
thin	films	and	VOx	with	a	post-deposition	anneal	at	450⁰C	for	1	hour.		The	samples	




material.	 	 The	 devices	 were	 illuminated	 using	 a	 solar	 simulator	 and	 electrically	




than	 10.17%	 obtained	 from	 the	 reference	 cell	 the	 fabrication	 and	 testing	 of	 the	
devices	showed	that	VOx	has	the	ability	to	transport	holes	and	has	the	potential	to	
perform	as	a	hole	 transport	material.	 	 It	 i	 is	possible	 that	modification	of	 the	hole	























































thermal	budget	than	200⁰C	over	several	hours	to	not	degrade	the	active	medium.   As	
a	consequence,	for	ALD	ZnO	to	be	widely	incorporated	into	perovskite	technology	the	
growth	 temperature	 would	 need	 to	 be	 significantly	 reduced,	 in	 this	 chapter	 the	




























Glass/p-Si	 0.1	 0.05	 20.0	 120	


















Glass/p-Si	 0.1	 0.05	 0.4	 20.0	 120	






Electrical	 conductivity	was	measured	 using	 a	 Lakeshore	Hall	 Effect	Measurement	
system	as	outlined	in	section	3.2.4.	 	Here	the	sheet	resistance	(Ω/□),	Hall	mobility	















ZnO	 9.94	 3.33	x	1018	 10400.0	












ZnO	 28.5	 1.99	x	1019	 610.8	












ZnO	 27.7	 2.78	x1019	 451.4	




At	 the	 lower	deposition	 temperature	120⁰C,	ZnO	and	TZO	 thin	 films	produce	high	
sheet	resistivities	compared	to	those	deposited	at	the	optimum	temperature	200⁰C	















at	 200⁰C,	TZO	 films	were	deposited	 for	1500	ALD	 cycles	 at	 150⁰C	again	using	 the	
dopant	ratio	19:1.		The	electrical	properties	were	evaluated	using	the	same	Hall	Effect	







200⁰C	 are	 illustrated	 in	 figures	 8.2-8.4	 respectively.	 	 In	 the	 120-200⁰C	 deposition	
























most	dominant	 crystalline	direction.	The	preferred	orientation	 then	changes	 from	
[100]	to	[002]	as	the	temperature	increases	further	to	200⁰C.		In	addition,	the	(101)	
peak	reduces	in	intensity	at	the	higher	deposition	temperature.	It	is	evident	from	the	











the	 spherical	 features	 do	 not	 seem	 to	 appear	 at	 the	 lower	 temperatures.	 	 As	 the	
temperature	 increases	 to	 150⁰C	 the	 films	 appear	 more	 conformal	 and	 the	
distinguishing	features	on	the	surface	disappear.			
The	 cross-sectional	 SEM	 of	 ZnO	 and	 TZO	 deposited	 at	 120⁰C	 and	 150⁰C	 are	
represented	 by	 figures	 8.5	 (c)	 and	 (d)	 and	 8.6	 (c)	 and	 (d).	 	 	 The	 images	 exhibit	
conformal	uniform	films	with	a	smooth	surface	characteristic	of	ALD	grown	 films.			
ZnO	and	TZO	deposited	at	120⁰C	revealed	a	growth	per	cycle	of	0.14	nm/cycle	and	
0.16	nm/cycle	 respectively.	 	 The	 growth	per	 cycle	 increased	when	 the	deposition	






















The	%	 transmission	across	 the	UV-visible	 spectrum	of	ZnO	and	TZO,	deposited	at	






















At	 the	 optimum	 deposition	 temperature	 for	 ZnO	 films,	 TZO	 and	 as-grown	 ZnO	
showed	signs	of	similar	transparency	in	the	visible	and	near	IR	regions.		TZO	films	
















As	 seen	 in	 chapter	 4,	 the	 incorporation	 of	 Ti	 into	 the	 ZnO	 films	 showed	 an	
improvement	 in	 the	electrical	properties	of	ZnO	even	at	 low	temperatures.	 	 It	has	
already	been	established	that	19:1	ratio	of	ZnO:TiO2	is	the	optimum	Ti	concentration	
to	obtain	low	sheet	resistance	values	for	TZO.		Further	increasing	the	Ti	concentration	





The	 electrical	 properties	 of	 the	 films	 had	 a	 large	 dependence	 on	 deposition	
temperature.		The	sheet	resistance	values	of	both	materials	reduced	with	increasing	
temperature.	 	 The	 electrical	 properties	 of	 the	 as-grown	 ZnO	 maintained	 similar	
values	 at	 150⁰C	 and	 200⁰C	 with	 a	 reduction	 in	 sheet	 resistance	 being	 the	 only	
improvement	when	increased	from	150⁰C	to	200⁰C.			
It	has	been	reported	than	Hall	mobility	generally	increases	with	decreasing	carrier	

























































(12.4	Ω/□)	which	 is	 currently	being	used	as	 the	standard	TCO	 in	perovskite	 solar	



























































the	 typically	 high	 temperature	 and	 high	 energy	 processes	 used	 to	 deposit	 this	
material	 in	 the	 commercial	 environment	 there	 is	 a	 potential	 short	 fall	 in	 the	




methodologies,	 thermal	 and	 energetic	 restrictions	 are	 essential.	 	 	 This	 thesis	 has	
focused	on	investigating	the	potential	of	low	temperature	deposited	zinc	oxide,	and	
doped	zinc	oxide	as	a	replacement	TCOs	in	solar	devices.	
The	 study	 in	 this	 thesis	 began	 as	 a	 fundamental	 investigation	 of	 atomic	 layer	
deposited	zinc	oxide	at	200°C	at	a	range	of	film	thicknesses.		All	samples	were	grown	
using	a	thermal	process	with	H2O	as	the	co-reactant.	The	samples	were	then	analysed	
based	 on	 optical,	 electrical	 and	 morphological	 properties	 to	 determine	 how	 the	
change	in	thickness	effected	its	properties.	Analysis	of	the	films	determined	that	the	




However,	 the	resistance	of	 the	as	grown	films	were	still	 too	high	 to	compete	with	
those	of	ITO.		As	a	result,	the	elements	Ti,	Al	and	Hf	were	chosen	to	dope	ZnO	in	an	
attempt	 to	 improve	 the	 electrical	 characteristics	 of	 the	 films.	 	 The	 films	 were	













although	 doping	 the	material	 improved	 the	 electrical	 properties	 significantly,	 the	
sheet	 resistance	 values	were	 still	 quite	 high	 relative	 to	 ITO	 (8-100	 Ω/□).	 	 It	 was	
theorized	that	due	to	the	fact	that	the	electrical	properties	improved	with	increasing	
thickness,	 an	optimum	sheet	 resistance	value	could	be	obtained	by	 increasing	 the	
thickness	to	300	nm.	
Subsequently,	300	nm	ZnO,	TZO,	AZO	and	HZO	thin	films	were	deposited	at	200⁰C	










Ω/□ and	89.1	Ω/□ to	41	Ω/□.	 	Hf-doped	ZnO	however	demonstrated	 little	 change	







As	 Ti	 was	 observed	 as	 being	 the	 best	 performing	 dopant,	 the	 optimum	 Ti	
concentration	was	investigated.		A	study	comparing	19:1,	9:1	and	29:1	ZnO:dopant	




TZO	 was	 deposited	 using	 titanium	 tetraisopropoxide	 (TTIP)	 using	 19:1	 ratio	 at	
200⁰C.		TTIP	is	grown	using	O2	plasma	as	its	co-reactant	instead	of	thermally	using	
H2O	 as	 with	 TDMAT.	 	 The	 electrical	 characteristics	 of	 TTIP	 grown	 TZO	 were	 far	
inferior	to	TZO	grown	using	TDMAT	and	thus	going	forward	TDMAT	remained	the	Ti	
precursor	of	choice.	
Having	 ascertained	 that	 TZO	 had	 potential	 as	 a	 TCO,	 when	 grown	 under	 these	
restrictive	conditions,	the	study	then	aimed	to	incorporate	the	optimized	TZO	film	
into	a	single	 junction	perovskite	solar	cell	device.	 	As	the	solar	 industry	 is	moving	
towards	 tandem	 solar	 cells	 the	 end	 goal	was	 to	 ensure	 that	 the	 TZO	 film	will	 be	
transferable	to	a	tandem	structure.		Hence,	the	perovskite	solar	cell	was	designed	in	
a	p-i-n	 configuration	 that	 is	more	widely	used	 in	 tandem	devices.	Perovskite	solar	
cells	were	fabricated	in	collaboration	with	CSEM	incorporating	the	300	nm	(nominal	
thickness)	TZO	 film	and	comparing	 to	control	devices	 incorporating	commercially	




performance	 of	 the	 control,	 the	 cell	 compared	 well	 with	 a	 power	 conversion	
efficiency	of	7.2%	as	opposed	11.03%	with	the	state-of-the-art	ITO	technology.			
As	the	solar	industry	moves	toward	tandem	devices	many	challenges,	in	addition	to	
the	 TCO,	 must	 be	 overcome	 to	 ensure	 scale	 up	 is	 possible.	 	 Presently,	 in	 single	
174 
 
junction	 devices	 hole	 transport	 materials	 are	 deposited	 on	 top	 of	 the	 perovskite	
material	 in	 an	 n-i-p	 configuration	 using	 spin	 coating	 techniques.	 	 	 As	 mentioned	
previously,	 in	 order	 to	 protect	 the	 integrity	 of	 the	 perovskite	 material	 in	
heterojunction	 systems	 the	 p-i-n	 device	 configuration	 is	 now	 being	 implemented.		
This	 allows	 researchers	 to	 look	 at	 replacing	 the	 currently	 used	 hole	 transport	
material	with	an	alternative	deposition	method	and	material.			
In	 this	 thesis	 vanadium	 oxide	 (VOx)	 was	 selected	 as	 a	 possible	 hole	 transport	











































they	could	provide	 the	properties	 to	help	 to	achieve	a	 low	sheet	resistance	










deposition	 conditions	 by	ALD	 and	 optimization	 of	 the	 film	 thickness	 could	
help	to	dissipate	the	shunting	in	the	perovskite	solar	cells.			
























































































































































































































 ----- Reverse ----- Forward 
 














ZnO	(180	nm)	 28.5	 1.99	x	1019	 610.8	
TZO	(180	nm)	 9.57	 1.31	x	1019	 385.8	
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